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Abstract 
ZnO films have been grown on a moving glass substrate by high temperature (480 0C) chemical vapour deposition (CVD) and 
low temperature (200 0C) plasma enhanced CVD (PE-CVD) process at atmospheric pressure. Deposition rates above 7 nm/s 
have been achieved for substrate speeds from 20 to 500 mm/min. The conductivity of the films is enhanced by Al doping of 
CVD ZnO or by exposure to near-UV radiation of PE-CVD ZnO. Both CVD ZnO:Al and UV-exposed PE-CVD i-ZnO films 
are highly transparent (> 85% in the visible range) and conductive (< 15 Ohm/sq for a thickness above 1200 nm). ZnO:Al has 
been used as front electrode in amorphous silicon (a-Si:H) solar cells while i-ZnO has been applied as electrode in CIGS solar 
cells, achieving an efficiency of 8% and 15.4%, respectively. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of The European Materials Research Society (E-MRS). 
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1. Introduction 
Zinc oxide (ZnO) has been extensively investigated in recent years due to the increasing number of possible 
industrial applications [1,2]. Being a wide band gap semiconductor (Eg = 3.4 eV at room temperature), with a large 
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exciton binding energy (60 meV), ZnO is emerging as a prospective material for: ultraviolet light emitters, gas 
sensors, transparent electronics, surface acoustic wave devices and solar cells [3,4]. The use of ZnO for this variety 
of different applications requires a nano-scale control of the film structure. Functional properties of ZnO, as 
conductivity and luminescence, are determined not only by film composition and morphology, but also by intrinsic 
defects. For example, native donor defects (zinc interstitials, oxygen vacancies and/or hydrogen) form during the 
growth of nominally undoped ZnO or can be induced by a post-deposition treatment [5,6].  
Doped ZnO has become a valid alternative to the commonly used indium tin oxide (ITO) as TCO layer for silicon 
thin-film solar cells, being highly stable in a hydrogen plasma environment [7]. Several dopants are used for ZnO, 
as B, Al, Ga and In (from group III elements) or F (from group IV element). Among them Al-doped ZnO (ZnO:Al) 
is one of the most studied. Several deposition techniques are used for the growth of ZnO such as: sputtering, pulsed 
laser deposition, solution process methods, chemical vapor deposition (CVD), plasma enhanced chemical vapor 
deposition (PE-CVD) and atomic layer deposition (ALD) [8-14]. For industrial applications, the use of large area 
deposition techniques, which operate at atmospheric pressure and can be applied to continuous in-line 
manufacturing, is desirable in order to decrease the production costs. In particular for solar cells manufacturing, 
high throughput are required in order to achieve an economy of scale.  
In this paper we show that transparent (> 85 % in the visible range) and conductive (R < 10 Ohm/sq for thickness 
above 1100 nm) ZnO films can be grown at very high deposition rates ( ~ 14 nm/s) on a movable glass substrate by 
a high temperature (480 0C) metalorganic chemical vapor deposition at atmospheric pressure (AP-CVD). These 
films have been used as front electrode in amorphous silicon solar cells resulting in an initial efficiency of 8 %.  
The high deposition temperature (480 °C) needed to achieve these results hinders the application of such doped 
ZnO films to thermally sensitive materials, as chalcogenide solar cells and plastic substrates for flexible solar cells 
and electronics. Atmospheric plasmas can deliver the energy required to initiate the chemical reactions between the 
precursor molecules and/or promote the crystal growth in ZnO films, thus allowing a decrease of the substrate 
temperature [15]. In recent years, atmospheric pressure plasmas have been used to synthesize nano-structured ZnO 
films at low temperature (< 250 °C) [16,17]. However, the growth of highly transparent (> 85 %) and low resistive 
(< 50 Ohm/sq) i-ZnO films is still to be achieved by a high-throughput deposition process at atmospheric pressure. 
In this paper, we present the electrical and optical properties of i-ZnO films grown by a PECVD process at 
atmospheric pressure. ZnO films have been used as front electrode in a CIGS solar cells, achieving an average 
efficiency of 15.4 %. 
 
2. Experimental 
ZnO:Al films have been deposited by a CVD process at atmospheric pressure. Tertiary-butanol [(CH3)3COH, (t-
BUT)] is used as oxidant for diethylzinc [Zn(C2H5)2, (DEZ)] and trimethylaluminium [Al(CH3)3, (TMA)] as 
dopant gas. A schematic of the deposition set-up is shown in Fig. 1. The liquid precursors (DEZ, t-BUT and TMA) 
have been vaporized and injected separately into the deposition zone by using nitrogen as carrier gas. The injector 
is placed parallel to the substrate and each gas precursor is injected in the deposition zone by a different nozzle. 
Un-doped ZnO (i-ZnO) films have been grown in the same reactor by a PE-CVD process at atmospheric pressure. 
De-ionized water is used as oxidant for the DEZ precursor. DEZ and H2O are injected separately into the 
deposition zone by using helium as carrier gas. Inside the H2O-delivering nozzle, an RF plasma is generated by the 
use of a commercial PTB LF-30 power source. The plasma power can be varied between 0 and 200 W. The results 
presented in this paper have been achieved for a power of 60 W.  
Multiple injectors can be installed along the production line. For each injector, two exhausts limit the deposition 
zone along the direction of the movable substrate. The machine dimensions (conveyor, heating section) facilitate 
the option for future up-scaling of the lateral size of the injectors up to 1 m in order to coat large glass substrates.  
For the current work, ZnO:Al and i-ZnO films have been deposited on a glass substrate (Schott AF 32, 5 x 5 cm2). 
Glass substrates are warmed up to the set temperature, i.e. 480 0C for the CVD process and 200 0C for the PE-CVD 
process, in a heating stage, before entering the deposition zone. The nozzles of the injector are maintained at a 
temperature of about 100 °C. The speed of the glass substrate can be varied from 20 mm/min to 600 mm/min.  
The electrical properties and thickness of the films have been determined by using a Phystech RH 2010 Hall effect 
measurement, a Jandel universal 4-point probe and a Veeco Dektak 8 Advanced Development Profiler, 
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respectively. A Philips X-pert SR 5068 powder diffractometer, equipped with a Cu-Kα source, has been used to 
determine the crystallographic structure of the film. The optical properties of the films have been measured in the 
near-ultraviolet, visible and near-infrared, by a UV-3600 Shimadzu spectrophotometer. 
 
 
Fig. 1 Schematic of an industrial atmospheric-pressure MOCVD system 
 
3. Results and discussion  
3.1 Film deposition 
 
Fig. 2 depicts the film thickness versus the residence time of the glass substrate in the deposition zone for both 
CVD of ZnO:Al and PE-CVD of i-ZnO. The residence time (t) of the substrate in the deposition zone is 
determined from the substrate speed (v), according to: t = L / v, where L is the distance between the exhausts. The 
residence time has been increased by either varying the speed of the glass substrate in the range from 20 mm/min 
to 500 mm/min or using multiple passes (up to 3) of the glass substrate in the deposition zone, as explained in Refs 
[18,19]. As shown in Fig. 2, the film thickness varies linearly with the residence time of the glass substrate for both 
CVD and PE-CVD.  
 
 
 
 
 
 
   
 
 
 
 
 
 
 
Fig. 2 Film thickness versus residence time of the glass substrate in the deposition zone for  
both AP-CVD of ZnO:Al and AP-PECVD of i-ZnO  
 
 
From the slope of the curves, an average deposition rate of ~ 7 and 14 nm/s is calculated for low temperature (200 
0C) PE-CVD and high temperature (480 0C) CVD process, respectively. These values of deposition rate are much 
higher than what is typically reported for other industrial deposition techniques, such as sputtering (< 1 nm/s).   
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3.2 Structural, electrical and optical properties 
 
The X-ray spectra of thick (about 1200 nm) i-ZnO and ZnO:Al films are presented in Fig. 3. Although different 
crystalline orientations, i.e. (002) (100) (101) and (110) are visible in both spectra, the (002) orientation is 
dominant in i-ZnO and ZnO:Al, as typically reported for ZnO films grown by a metalorganic CVD or PE-CVD 
process [8].   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 XRD spectra of AP-CVD ZnO:Al (bottom) and AP-PECVD of i-ZnO (top) 
 
The value of resistivity versus thickness for ZnO:Al and i-ZnO is reported in Fig. 4. The resistivity (ρ) is defined 
as: ρ= R d, where the sheet resistance (R) is determined from four point probe measurements and the thickness (d) 
is obtained using a step profiler. The resistivity of CVD ZnO:Al films decreases sharply in the initial film growth 
(from 0.64 Ohm cm at 100 nm to 2·10-3 Ohm cm at 280 nm), after which it approaches a plateau value (1.2·10-3 
Ohm cm at 1070 nm), typically associated to the growth of the film bulk [8,21]. A minimum sheet resistance of 9 
Ohm/sq is measured for a 1100 nm thick film, corresponding to a carrier concentration of 1.7·1020 cm-3 and a 
mobility of 19 cm2/Vs.  
PE-CVD i-ZnO films grown at 200 0C are found to be highly resistive (R > 1 MOhm/sq) irrespective of the 
thickness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Fig. 4 Resistivity versus film thickness for AP-CVD ZnO:Al and AP-PECVD i-ZnO films 
 
After exposing the films to near-UV radiation (wavelength from 300 to 380 nm, intensity of about 3 mW/cm2) for 
about 4 minutes, a resistivity of 1.6 10-3 Ohm cm is measured, which value does not depend on film thickness in 
the range of 180 nm to 1200 nm, as shown in Fig. 4. A minimum sheet resistance of 15 Ohm/sq is measured for a 
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1200 nm thick i-ZnO film, corresponding to a carrier concentration of 1.0·1020cm-3 and a mobility of 25 cm2/Vs. 
This resistance value is among the lowest reported in literature for un-doped ZnO films deposited by other 
industrially scalable deposition techniques, such as: sputtering, atomic layer deposition and low pressure PE-CVD 
[2]. The resistance of ZnO thin films is known to decrease when exposed to UV radiation, but it sharply increases 
to its initial value when the light source is removed and the films are exposed to air [22]. As explained in ref. [19, 
20], we have stabilized the photo-enhanced conductivity in PE-CVD i-ZnO films (for at least 1000 hours in 
atmosphere at 25 0C) by coating the films with a 60 nm thick Al2O3 barrier film (water vapor transmission rate of 
about 10-5 g/m2/day), which prevents a direct exposure of i-ZnO to air. Al2O3 films have been deposited at a 
growth rate of 0.2 nm/s by the industrially scalable Spatial ALD technique [14, 23].  
 
 
 
 
 
 
 
 
 
 
 
 
  
 
       
                     Fig. 5 Transmittance of AP-CVD ZnO:Al, AP-PECVD i-ZnO films and glass substrate 
 
 
The transmittance of 1200 nm thick i-ZnO and ZnO:Al films has been measured in the wavelength range of 280 to 
2500 nm by means of a spectrophotometer. As shown in Fig. 5, i-ZnO and ZnO:Al films are highly transparent (> 
85%) in the visible and near-infrared range, up to a wavelength of about 1100 nm, after which the transparency 
sharply decreases due to the absorption induced by free electrons. Due to the high energy band gap of Al2O3 (~ 9 
eV) an average value of transmittance of about 90 % is measured also for 1200 nm thick, conductive i-ZnO films 
coated by an Al2O3 film (not shown).   
 
3.3 Solar cells 
 
CVD ZnO:Al and PE-CVD i-ZnO have been used as front contact in amorphous silicon and CIGS solar cells, 
respectively. Amorphous silicon p-i-n solar cells have been grown on CVD ZnO:Al films, with a thickness of 1050 
nm and resistance of 10 Ohm/sq. The J-V curve of the solar cell is shown in Fig. 6. An initial efficiency of 
approximately 8 % has been achieved (FF = 71 %, VOC = 850 mV and JSC = 13 mA/cm2) without optimizing the 
surface texturing of ZnO:Al films to enhance light scattering.  
AP-PECVD i-ZnO film with a thickness of 1200 nm and a resistance of 14 Ohm/sq has been grown on top of a 
CIGS solar cell, with the following structure: glass/Mo/CIGS/CdS/i-ZnO/Al2O3. As explained in the previous 
paragraph, the conductivity of the ZnO front electrode has been enhanced by UV-exposure and a 60 nm thick 
Spatial ALD Al2O3 film barrier has been used to enhance the stability of the ZnO films’ electrical properties. The 
J-V curve of the solar cell is shown in Fig. 6. A cell efficiency of 15.4 % has been measured with Voc = 677 mV, 
FF = 74 %, JSC = 30.5 mA/cm2. 
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Fig. 6 J-V curve of amorphous silicon and CIGS solar cells with AP-CVD ZnO:Al 
and AP-PECVD i-ZnO as front electrode, respectively.  
4.  Conclusions 
ZnO films have been grown on a moving glass substrate by high temperature (480 0C) CVD and low temperature 
(200 0C) PE-CVD process at atmospheric pressure. Deposition rates above 7 nm/s have been achieved for substrate 
speeds from 20 to 500 mm/min. The conductivity of the films is enhanced by Al doping of CVD ZnO or by  
exposure to near-UV radiation of PE-CVD i-ZnO. Both CVD ZnO:Al and UV-exposed PE-CVD i-ZnO films are 
highly transparent (> 85% in the visible range) and conductive (< 15 Ohm/sq for a thickness above 1200 nm). The 
photo-enhanced conductivity of ZnO is stabilized (for at least 1000 hours in air at room temperature) by coating 
the films with a 60 nm thick Al2O3 moisture barrier, deposited by Spatial ALD. ZnO:Al has been used as front 
electrode in amorphous silicon (a-Si:H) solar cells while i-ZnO has been applied as electrode in CIGS solar cells, 
achieving an efficiency of 8% and 15.4%, respectively. These results show that atmospheric pressure CVD and 
PE-CVD are suitable processes for high-throughput production of transparent and conductive ZnO films. Further 
investigations are being performed for the deposition of doped ZnO films by the atmospheric pressure PE-CVD 
process presented in this paper.    
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